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Abstract 
To verify the possibility of harmonic generations from a SiC irradiated by MIR-FEL, two measurements observing 
the second harmonic generation (SHG) and the high harmonic generation (HHG) were conducted. As the result, we 
clearly observed the SHG whose intensity was proportional to the square of MIR-FEL intensity. Emissions 
corresponding to the wavelength of the high harmonics (9th, 10th, and 11th) of the irradiated MIR-FEL (7.8 m and 
8.4 m) were observed. 
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1. INTRODUCTION 
High harmonic generation (HHG) is an attractive phenomenon in nonlinear optics for the light source 
of the XUV region and attosecond electron dynamics [1]. In addition, non-perturbative HHG from bulk 
material becomes a tool for the understanding of the band structure of the material in strong-field limit 
[2]. In 2010, the non-perturbative HHG from ZnO by irradiating a mid-infrared laser was observed for the 
first time from bulk single crystal [2]. ZnO is one of the wide-gap semiconductors which attract great 
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interests as the next generation materials for electronic devices and photocatalyst materials. SiC, which is 
also one of wide-gap semiconductors, has a possibility to be a suitable material for non-perturbative 
HHG, because SiC has higher harmonic coefficient than that of ZnO and a high resistance to the laser 
induced damage [3, 4, 5].  
The objective of this research is to verify the HHG from a SiC bulk sample. As the laser source, a mid-
infrared free electron laser (MIR-FEL), Kyoto University Free Electron Laser (KU-FEL), was used [6]. 
FEL has unique characteristics, such as tunable wavelength, unique pulse structure, and high peak power. 
Therefore, FEL is a suitable light source for verification of HHG because we can measure the wavelength 
dependence easily. At first, we confirmed the second harmonic generation (SHG) from a SiC by MIR-
FEL irradiation. As the next step, we verified the HHG from a SiC bulk sample. 
2. Observation of SHG from SiC 
To confirm SHG emission, experiments were performed in the atmosphere with a SiC (semi-insulator 
6H-SiC: Xlamen Powerway Advanced material Co.LTD) of 15 mm × 15 mm × 0.33 mm. The picture of 
the SiC sample is shown in Fig. 1. 
 
Fig. 1. The picture of the used SiC 
The experimental setup for the observation of the SHG is shown in Fig. 2. The wavelength of the 
irradiated FEL was 12 m and other specification of KU-FEL is reported in the reference [6]. To prevent 
the 2nd and 3rd harmonic components which might be contaminated in the incident FEL beam, the long 
pass filter (cut-off wavelength of 9 m, SPECTROGON, LP-9000 nm) was used. In addition, the short 
pass filter (cut-off wavelength of 7 m, SPECTROGON, SP-7150 nm) was used to block the fundamental 
whose wavelength was 12 m. A Mercury Cadmium Telluride (HgCdTe, MCT) detector (Judson 
Technologies, J15D12-M204-S01M-60) was used for the detection of the second harmonic emission from 
the SiC sample. Moreover, to monitor the intensity of the irradiated FEL, a Mercury Cadmium Zinc 
Telluride (HgCdZnTe, MCZT) detector (VIGO SYSTEM, R005-3) was used. The repetition rate of the 
FEL was 1 Hz. The macro-pulse energy of the FEL was around 2 mJ whose macro-pulse duration was 2 
s.  
The result of the observation of the SHG from the SiC sample is shown in Fig. 3. It is clear that the 
intensity of the emission observed from the SiC is proportional to the square of the intensity of the RE
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irradiated FEL, which agrees with the previous observation [7]. Therefore, we concluded the emission 
observed from the SiC sample irradiated by MIR-FEL is SHG. 
 
Fig. 2. Experimental setup for verification of the SHG 
 
Fig. 3. Intensity dependence of the observed emission 
3. Verification of HHG from the SiC 
Next, we performed the experiment for the verification of the HHG. The experimental setup is shown 
in Fig. 4. For the observation of the HHG, a high intensity of fundamental is preferable. Therefore, the 
wavelength of MIR-FEL was tuned to 7.8 m, which is the strongest wavelength generated by KU-FEL. 
The emission from the SiC was focused on an optical fiber by focusing mirrors. The light in the optical 
fiber was transported to the spectrometer (Zolix, Omni- 300) with the grating of 300 l/mm. The 
resolution of the spectrometer was 2 nm (FWHM). The light was detected by an electrically cooled CCD 
array (INTEVAC, Mosir 350) which was triggered by the master trigger of KU-FEL for synchronizing 
the timing between MIR-FEL irradiation and acquisition of the CCD array. The exposure time on CCD 
array was 10 ms, and the observed spectrum was averaged with over 200 shots. The repetition rate of the 
FEL was 1 Hz. The maximum macro-pulse energy was 4 mJ whose macro-pulse duration was 2 m. RE
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The result of the observation of the emission from the SiC is shown in red line in Fig. 5. As is shown 
in this figure, we observed the 3 peaks whose central energies are 1.42, 1.58 and 1.73 eV. Those energies 
correspond to the 9th, 10th, and 11th harmonics of incident FEL (0.159 eV, 7.8 m). 
To confirm the origin of those emissions, we covered the SiC with an aluminum film whose thickness 
was 12 m. As is shown in the blue line in Fig. 5, no peaks are observed. We can conclude that the 
observed peaks indicated as red line in Fig. 5 were emission from the SiC sample.  
 
 
Fig. 4. Experimental setup of HHG from the SiC 
 
Fig. 5. Emission from the SiC and harmonics originally included in the MIR-FEL 
In addition, we performed the experiment with different wavelength (8.4 m) of MIR-FEL to confirm 
the wavelength dependency on the irradiated FEL wavelength. The result is shown in Fig. 6 where we 
clearly observed emission peaks of the central energy of 1.34, 1.47, and 1.62. Those energies 
corresponded to the energies of 9th, 10th, and 11th harmonics of the incident FEL wavelength (0.148 eV: 
8.4 m). Consequently, we confirmed the HHG (9th, 10th, and 11th) emissions from the SiC induced by 
MIR-FEL. 
In previous reports on the HHG, the mechanism of the HHG of reflection geometry from bulk 
materials could be explained as the surface plasma [1, 2]. The laser intensity required for this 
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phenomenon is order of 1 × 1015 W/cm2. However, in our experiment condition, the incident power was 
order of 1 × 109 W/cm2 which was far smaller than required one. Therefore, different mechanism would 
generate the high harmonics with MIR-FEL. On the other hand, the FEL used here has a particular time 
structure which consists of two components, micro- and macro- pulse. This pulse structure might enhance 
the HHG. However, we do not have any concrete conclusion about the mechanism on the HHG and 
further investigations are required to understand the emission mechanism. 
 
Fig. 6. Spectrum of the emissions from SiC irradiated by MIR-FEL whose wavelength was 8.4 m 
4. Conclusion 
We observed a second harmonic light from a bulk 6H-SiC irradiated by MIR-FEL which was 
confirmed by intensity dependence on the incident FEL (12 m). Moreover, an HHG up to 11th 
harmonics from a bulk 6H-SiC irradiated by MIR-FEL of 7.8 and 8.4 m were observed for the first time. 
Therefore, we confirmed 6H-SiC is one of the materials for high harmonic generation from bulk single 
crystal. 
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